for strain relaxation of GeSn epilayers with higher Sn-content (> 2. 5 %), the authors observed -Sn-precipitation and concomitant reduction of Sn-content from the bulk of the epilayer [21 -22] .
In this work, we show that strain-relaxation of GeSn epilayers grown on Ge/Si(001) by MBE can be tailored significantly, by controlling the crystal-quality and thickness of the underlying Ge buffer layer. Our results demonstrate that thin and partially-relaxed Ge buffer layers can induce strain-relaxation of the overgrown GeSn epilayer, while their thick and fully-relaxed counterpart, typically used in GeSn epitaxy, may supress the same. We achieved 72% and 78% strain relaxation in 450-nm-thick GeSn epilayers, with 5.4 % and 9.4% Sn, respectively.
The growth details of the three samples investigated in this work (labelled as A, B, and C) are given in Table 1 . The Ge and the GeSn epilayers of all the three samples were grown on borondoped silicon (001) substrates, in a RIBER C12 molecular beam epitaxy (MBE) chamber, maintained at a base pressure of 7 × 10 −10 mbar. The Ge buffer layer of sample A was grown by the two-step growth technique developed by Colace et al. [23] , followed by two iterations of in-situ annealing [24] . In the two-step growth process, the first 20 nm of Ge was grown at TG = 250 C, while the rest of the buffer layer was grown at TG = 400 C. In-situ annealing was performed at TA = 840 C for tA = 10 mins, interspersed by a cooling-down step (to 250 C).
The two-step growth technique, together with the post-growth cyclic annealing treatment, is a well-established route to obtain Ge buffer layers of high crystalline quality, for layer thicknesses of ~ 300 nm or higher. The recipe followed in sample A for the Ge buffer growth has been optimized [25] for the most superior crystal quality, as demonstrated later by HRXRD and HRTEM results. On the contrary, the Ge buffer layers for samples B and C were intentionally grown at a low temperature (TG = 250 C) and with a smaller thickness (80 nm).
In low temperature Ge epitaxy, the misfit strain is predominantly released plastically, by formation of dislocations. These dislocations are known to thread through the Ge layer, for the small thicknesses chosen for samples B and C. For all three samples, the GeSn epilayer was grown at TG = 180 C, at a growth rate of 1.4 nm min -1 . Further details regarding pre-growth surface preparation and growth of the epilayers can be found in Ref. [25] .
HRXRD has been extensively employed in this work to determine the strain-state of both the GeSn and the Ge epilayers, and the Sn-content of the former. More importantly, the threading dislocation densities (TDD) of both the layers have also been estimated by HRXRD, following the method proposed very recently by Benediktovich et el. [1] . This approach is a generalization of the technique originally developed by Kaganer et al. (for c-oriented GaN/Sapphire (0001) epilayers [26] ) for arbitrary surface-orientation and dislocation-linedirection and provides a better estimate of the TDD, in comparison to the usual methods [25, [27] [28] [29] which rely on a Gaussian (or Voigt) fitting of the diffracted X-ray intensity. All X-rays measurements were carried out in a Rigaku Smartlab diffractometer, equipped with a 9 kW rotating Cu anode, a parabolic mirror, and a double-crystal Ge (220) monochromator, and capable of performing scans in both out-of-plane and in-plane geometries. The HRXRD set-up for an arbitrary asymmetric scan is shown schematically in Figure 1 
Table 1: Layer-thicknesses (tGe and tGeSn) and growth temperatures (TGe and TGeSn) of different samples studied in this work. The Ge buffer layer of sample A was further (cyclic-) annealed (See main text).
Sample Ge buffer layer GeSn epilayer TGe (C) tGe (004) and (224) reflections, are listed in Table 2 .
Also listed are the bulk lattice constants and the Sn-concentrations of the GeSn epilayers, as estimated using Vegard's law [30] . It is worth noting that the GeSn (004) reflection of sample C is also asymmetrically broadened, towards lower 2 values. This suggests that the Sncontent varies across the thickness of the GeSn epilayers, which is most likely due to the tendency of Sn to segregate to the surface. In calculating the bulk lattice constant and the Sncontent of the GeSn alloy in sample C, the position of the intensity-maximum has been considered. It may therefore be concluded that the tabulated value corresponds to the minimum Sn-content (9.4%) of the alloy epilayer in sample C. in case of the former. However, the systematic study of Ref. [34] conclusively demonstrates that the P-B model provides the more realistic estimate of , in case of GeSn epitaxy. With respect to the P-B model, ⁄ is nearly the same for samples A and B (1.72 and 1.12, respectively), while it is very different for sample C ( ⁄ = 4.1). Therefore, the degree of strain relaxation ( ) may be expected to be comparable for samples A and B, while being significantly higher for sample C. Furthermore, one would also expect for sample A to be higher than that for sample B.
Interestingly, the plot of Also plotted in Fig. 1 (e) is the degree of strain relaxation of the Ge buffer layers, calculated as
. It is seen that while in sample A, the GeSn epilayer is nearly pseudomorphically strained ( 0.938 0.062 = 1.5 %), the alloy epilayer of sample B is significantly relaxed ( 0.966 0.054 ≈ 72 % ). In fact, 0.966 0.054
corresponding to sample B is rather comparable to that of sample C ( 0.906 0.094 ≈ 78%). Thus, it is evident that the strain relaxation of the GeSn epilayers in this study is not driven by the plastic relaxation of misfit-induced strain at the Ge-GeSn interface. 
),used in the dislocation density analysis, are shown in the schematic.(b) and (c) − 2Θ diffractograms for the symmetric (004) and the asymmetric (224) reflections, collected from the series of samples. In all cases, the GeSn peaks are to the left of the Ge peaks, while the Si substrate peaks are the right-most. (d) A plot of the sample thicknesses, together with the critical thicknesses for strain relaxation for the GeSn-Ge heterosystems, as predicted by the

Mathew-Blakeslee and the People-Bean models. (e) A plot of the degree of strain relaxation of both the Ge and the GeSn layers for all three samples versus the Sn-content of the GeSn epilayers.
To understand this counter-intuitive observation, it is important to consider the strain-state and the thicknesses of the Ge buffer layers as well. In sample A, the Ge buffer layer is fully-relaxed (in fact, it is tensile-strained due to thermal-conductivity-mismatch induced residual strain [35, 36] ) and 350 nm thick, whereas in sample B and C, it is 94.9 % and 92 % relaxed, respectively, and only 80 nm thick. As will be demonstrated in the sections below, these attributes of the Ge buffer layer play the most crucial role in controlling the strain relaxation of the alloy epilayer atop. A large density of dislocations thread through the Ge-GeSn interface in case of the partially-relaxed thin Ge buffer layers, which cause the GeSn epilayers to relax (irrespective of the alloy composition). In the thick Ge buffer layers, grown by the two-step growth technique (and cyclic annealing), dislocation threading is arrested, which in turn, supresses the relaxation of the GeSn epilayer.
To further determine the role of the Ge buffer layer in the relaxation of the GeSn epilayer, quantitative estimates of the TDD were obtained from the -diffractograms of the (004) reflections, for both the GeSn and the Ge layers, by the Benediktovich approach. As outlined in Ref. [1] , the measured intensity distribution of the rocking curve, in the direction of the scattered beam (̂= ⁄ ) is given by
The term ( , ) is the correlation function, expressed as
where 1 ( ) = ⟨ ( ) ⟩ and 2 ( , ) = Fig. 1 (a) ). ̂ is the normal to the sample surface and denotes the incoming wave vector. Finally, the term ( ) is the geometric tensor, which captures the influence of the measurement mode on the measured intensity distribution. We note here that the expression for ( , ) used in Ref. [1] is incorrect and has been corrected here in Equation (3).
The term denotes the density of misfit dislocations, while the expression of contains both and the threading dislocation density ( ) as,
Here, ( ) and ( ) denote the co-ordinate systems described by ( ‖̂, ‖̂) and ( ‖̂, , ⊥̂) (See Fig. 1 (a) ), while
are the co-ordinate transformation tensors.
The summation index denotes the different dislocation line directions and is a positional correlation parameter for the misfit dislocations. The final expression for the diffraction intensity simplifies to
For each dislocation line direction , corresponding to the slip system appropriate for Ge and GeSn (fcc, ( 2 〈110〉{111}), the strain tensors were calculated (following the corresponding expressions in Ref. [1] ). The fit of expression (5) Cross-sectional transmission electron microscopy (XTEM) images of the three samples are shown in Figure 3 . For sample A, the dislocation network of the Ge buffer layer is seen to be confined in a region close to the Si-Ge interface ( Fig. 3 (a) ). The dark-field image ( Fig. 3 (b)) shows annihilation of 60 dislocations within ~ 100 nm of the buffer layer thickness.
Figure 2: Fitting of expression (5) to (004) -diffractograms corresponding to the (a) GeSn epilayers and (b) Ge buffer layers of the three samples (c) Plot of the threading dislocation densities (TDD) for both the Ge and the GeSn layers versus the ratio ⁄ , where is as predicted by the People-Bean model.
Confinement of dislocations at the epilayer/substrate interface is a characteristic outcome of cyclic annealing in Ge/Si epitaxial layers and consistent with earlier reports [24, 38] .
Concomitantly, dislocation threading across the Ge-GeSn interface is barely visible. On the other hand, for samples B and C, a large density of threading dislocations is observed to cross the Ge-GeSn interface, from the thin, partially relaxed Ge buffer layer (Figs. 3 (c) and 3 (d), respectively). As argued earlier in the context of the HRXRD results, these dislocations cause the GeSn epilayer to relax, even observed for sub-critical layer thicknesses [25] . It remains to investigate how the propagation of the threading dislocations may be suppressed within the GeSn epilayer, such that beyond a reasonable layer thickness, high quality epitaxy may be recovered. Sn atoms have been demonstrated in previous reports to induce interaction of threading dislocations, to yield pure edge-type (Lomer) dislocations [39] . This fact may be advantageously exploited by introducing pure Sn in sub-monolayer quantity, after growth of a few tens of nanometer of the alloy epilayer. The efficacy of this approach needs further experimental investigations.
In conclusion, we have proposed a possible mechanism of strain relaxation in GeSn epilayers, by tailoring the growth recipe and thickness of the underlying Ge buffer layer, even for subcritical layer thicknesses. Combined with additional techniques of dislocation filtering, this approach may pave the way for obtaining highly-relaxed GeSn epilayers by MBE, without significantly compromising the crystalline quality.
